Background: Researchers have begun to focus on age and sex differences in concussion outcomes. Results suggest that younger athletes and female athletes may take longer to recover from a concussion. However, little is known about the interactive effects of age and sex on symptoms, neurocognitive testing (NCT), and postural stability.
[PCSS]) allow athletes to self-report their current symptoms along with severity ratings for each endorsed symptom. In addition, computerized neurocognitive tests (eg, Immediate Post-Concussion Assessment and Cognitive Test [ImPACT] ) and balance assessments (eg, Balance Error Scoring System [BESS]) help to objectively quantify the cognitive impairment and postural stability deficits that often accompany concussive injury.
Ideally, these measures are administrated at baseline to healthy athletes and repeated at postinjury intervals to provide a more individualized and objective approach to assessing and managing sport-related concussion. 43 The advent of baseline NCT and postural stability testing has provided researchers with measures to quantify the impairments that accompany concussion and allows for direct preinjury to postinjury intraindividual comparisons of these impairments across age groups and sex. 8, 10 With regard to neurocognitive effects, researchers have reported that high school athletes take longer to recover from a concussion than do collegiate athletes. 19, 31, 34 Specifically, high school athletes have been found to demonstrate significant memory impairment up to 7 to 14 days after concussion 19, 31 and reaction time impairments up to 14 to 21 days after concussion. 9, 31 Iverson et al 24 reported that 37% of concussed high school athletes were still clinically impaired on 2 or more neurocognitive measures (verbal memory, visual memory, reaction time, processing speed) at 10 days after concussion. In contrast, neurocognitive impairment in sustained auditory attention and visuomotor processing speed was resolved within 5 days of concussion in a sample of college athletes. 30 Similarly, a recent study by Echemendia and colleagues 15 did not report any neurocognitive impairments past 7 days after injury in college athletes. These results suggest that college athletes generally experience a rapid resolution of cognitive impairments after concussion. Some researchers have concluded that the anatomic, behavioral, and physical differences between the adolescent and adult brain, together with the purported susceptibility of the adolescent brain to long-term impairments from head trauma, may explain the reported age differences. 32 In addition to age, differences in neurocognitive recovery after concussion have also been examined between male and female athletes. These investigations follow established findings on sex differences for verbal memory, perceptual motor speed, accuracy, and visuospatial tasks in the general neurocognitive literature. 4 , 26 Covassin et al 10 reported that after concussion, female collegiate athletes demonstrated significantly poorer visual memory performance than male athletes. Similarly, Broshek and colleagues 5 reported that concussed female athletes were 1.7 times more likely to be cognitively impaired than male athletes. Other studies have reported that concussed female athletes had slower reaction times and more postconcussion symptoms than concussed male athletes. 5, 7 However, the Colvin et al 7 study was retrospective and failed to control for time since injury when comparing neurocognitive scores between sexes. Sex differences in cognitive function after a concussion may be caused by hormonal differences, weak musculature, neuroanatomic differences, or cerebrovascular organization. 13, 17, 18, 41, 42 In addition, there has long been a debate in the literature as to whether estrogen has a detrimental or a protective effect on concussion outcome.
Researchers have also investigated sex differences on self-reported concussion symptoms assessed before and after injury. Some studies have reported that women endorse an increased number of symptoms at baseline compared with men, 12, 40 while other researchers have reported that baseline symptom reports did not differ by sex. 12 In contrast, sex differences on symptom reports seem to be more consistent and pronounced after concussion, with female athletes endorsing a greater number of postconcussion symptoms compared with male athletes. Recent reports have not supported sex differences in recovery time based on postconcussion symptoms. 6 However, the aforementioned study 6 used athletes with moderate or severe concussions who reported 3 or more previous concussions and had symptoms lasting well beyond (.90 days) the typical 7 to 10 days. Thus, continued study is warranted to determine if sex differences exist on symptom inventories used for concussion management. With regard to age, researchers have reported no significant differences on baseline symptom reports between high school or college-age athletes. 29 However, considering the prolonged neurocognitive recovery times reported in high school athletes compared with collegiate athletes, 19 it would seem an examination of potential age differences in concussion symptom reporting is also warranted.
In conjunction with computerized NCT and symptom inventories, balance assessments provide important information on the postural stability of the concussed athlete. 21 The BESS was designed for clinicians as a less sophisticated but cost-effective measure for objective postural stability testing. 36 The BESS has been shown to measure balance deficits in concussed athletes up to 3 days after injury. 22, 35, 36 Researchers have reported sex differences in children performing a single-legged upright standing position with eyes open and closed. 28 Specifically, female participants performed better on postural stability than male participants did. 28 However, there has been a lack of research investigating differences on balance assessments between male and female and high school and collegiate concussed athletes. Therefore, studies examining age and sex differences on balance assessments would inform the sports medicine practitioner of any postural deficits during the acute phase of concussion management.
The purpose of the present study was to examine sex and age differences in postconcussion symptom reports, NCT performance, and postural stability after concussion. It was hypothesized that concussed high school athletes would exhibit greater total concussion symptoms, neurocognitive impairments, and postural instabilities compared with concussed collegiate athletes. It was also expected that concussed female athletes would exhibit prolonged neurocognitive impairments, greater total concussion symptoms, and increased balance problems when compared with concussed male athletes. Given the lack of support in the literature, no hypotheses were proposed for the interactive effects of age and sex on the above concussion outcomes.
MATERIALS AND METHODS

Research Design
A prospective cohort design was used to compare baseline concussion symptoms and neurocognitive function to postconcussion symptoms and neurocognitive function. In addition, a repeated-measures posttest-only design was used to examine performance on the BESS. The independent variables were age (high school athlete, college athlete), sex (male, female), and time (baseline, 2 days, 7 days, 14 days). The dependent variables were the performance on the BESS and neurocognitive test scores (verbal and visual memory, processing speed, and reaction time) as measured by the ImPACT neurocognitive battery.
Participants
A total of 296 (203 male and 93 female; 203 high school and 93 college) athletes from an ongoing sport concussion surveillance study in California, Michigan, Louisiana, and Tennessee who sustained a concussion during the 2008-2009 and 2009-2010 academic years were enrolled in the study. Approximately 2000 athletes were tested at baseline to obtain the concussion sample. Inclusion criteria included age 14 to 25 years and athletes who sustained a sportrelated concussion that was diagnosed by a sports medicine professional. Exclusion criteria included a history of treatment for substance abuse, psychiatric disorder, special education, years repeated in school, and speech problems. After applying exclusion criteria and not including any athletes without a baseline ImPACT score (28 athletes), 222 (157 male and 65 female; 150 high school and 72 college) athletes were included in the postconcussion analyses.
Operational Definition of Concussion
Concussion was operationally defined as ''a complex pathophysiological process affecting the brain, induced by traumatic biomechanical forces'' 33 and was required to meet the following criteria: (1) presence of on-field signs (eg, posttraumatic amnesia, loss of consciousness) and symptoms (eg, dizziness, headache) as determined by a sports medicine professional trained to identify concussions, (2) decrease from baseline levels in at least one postconcussion neurocognitive score determined by reliable change estimates, 24 and (3) increase from baseline levels in postconcussion symptoms determined by reliable change estimates.
ImPACT
To assess neurocognitive function, the online version of the ImPACT neurocognitive battery was used for this study. The ImPACT takes approximately 25 minutes to complete and has 5 different test versions to minimize and control for practice effects. The ImPACT neurocognitive battery is made up of 3 general sections that include demographics, the PCSS, and neurocognitive modules. Verbal memory, visual memory, visual processing speed, and reaction time composite scores are provided by the ImPACT. Test-retest reliability, validity, and specificity/sensitivity data for the ImPACT are reported elsewhere. 16, 38, 39 In addition, Reliable Change Index (verbal memory 9, visual memory 14, motor processing speed 5, reaction time .0.06, total symptom score 10) were used to determine when an athlete had recovered from his or her concussion.
BESS
The BESS is a balance assessment that is designed to evaluate static and dynamic postural stability after concussion. The BESS involves a trained observer who assesses total errors in balance while athletes perform each of 6 timed test conditions with eyes closed and feet on the floor or on a foam pad. A complete description of the 6 test conditions of the BESS is published elsewhere. 22 A higher score on the BESS indicates greater numbers of errors and thus worse postural stability. The BESS has significant correlations with force platform sway measures, with intratester reliability coefficients ranging from .87 to .97. 36 
Procedures
Preseason Baseline Evaluation. The study was approved by each participating institution's university institutional review board before data collection. Athletes over the age of 18 years provided informed written consent, and all minors (under 18 years) were required to submit parental written consent and assent before data collection. Athletes reported in groups of no more than 10 at a time to their own institution's designated ImPACT computer laboratory for baseline testing. Athletes were administered the ImPACT neurocognitive battery that includes the PCSS on a computer (approximately 25 minutes). Trained members of the sports medicine staff (eg, certified athletic trainer [ATC]) or research team administered the baseline measures. Unfortunately, because of the large sample size of baseline scores (over 2000), we were unable to administer the baseline BESS.
Postconcussion Evaluation. All ATCs and physicians at the participating institutions were instructed to use the Concussion in Sport Group guidelines to determine if an athlete sustained a concussion. 33 All concussed athletes were readministered the ImPACT neurocognitive battery at 2, 7, and 14 days after concussion by the graduate research assistants and/or their respective athletic trainer. Athletes were also administered the BESS at day 1, 2, and 3 after concussion. All return-to-play decisions were determined by each concussed athlete's respective institution's sports medicine staff, who all followed the Concussion in Sport Group guidelines. 2, 33 The return-to-play recommendations made by the Concussion in Sport Group are centered on a medically supervised stepwise process. The recommended return-to-play stepwise process following a concussion includes the following: (1) no activity and complete rest until asymptomatic, (2) light aerobic exercise such as walking or stationary cycling but no resistance training, (3) sport-specific exercise and progressive addition of resistance training, (4) noncontact training drills, (5) full contact training after medical clearance, and (6) game play. Trained members of the sports medicine staff (eg, ATC) or research team administered the postconcussion measures.
Analyses of Hypotheses. The data were analyzed using descriptive and inferential statistics. A series of 4 (time: baseline, 2 days, 7 days, and 14 days) 3 2 (sex) 3 2 (age: high school and college) repeated-measures analysis of variance (RM ANOVA) for concussion symptoms and ImPACT composite scores (verbal/visual memory, processing speed, reaction time) were used to evaluate the hypotheses. In addition, separate 2 (sex) 3 2 (age) 3 3 (time) RM ANOVAs were performed on the BESS scores. Post hoc mean comparisons were performed using the Tukey honestly significant difference test. All data were analyzed using SPSS 18.0 (SPSS Inc, Chicago, Illinois). Statistical significance for all analyses was set at P \ .05, and a Bonferroni correction was used to control for multiple comparisons.
RESULTS
Concussion Demographic Data
A total of 222 (157 male and 65 female; 150 in high school and 72 in college) athletes were included in the postconcussion analyses. The majority of concussions occurred in football (n = 121), followed by women's soccer (n = 30), men's soccer (n = 12), women's volleyball (n = 12), women's basketball (n = 11), wrestling (n = 8), men's basketball (n = 8), women's ice hockey (n = 5), softball (n = 4), rugby (n = 4), women's crew (n = 2), baseball (n = 2), cheerleading (n = 1), men's ice hockey (n = 1), and men's lacrosse (n = 1). Nine athletes had a second concussion during the 2-year study. The overall concussion history for the sample was 1.08 6 1.29 (mean 6 standard deviation) previous concussions. A series of independent t tests revealed no significant differences in concussion history among male (. 98 
BESS
A 2 (sex) 3 2 (age) 3 3 (time) RM ANOVA was performed for BESS scores and yielded a significant within-subjects main effect for time (Wilks l = .621, F 2 , 110 = 33.54, P = .000, h 2 = .38) and a between-subjects interaction for sex and age (F 1,111 = 7.29, P = .008, h 2 = .062). Specifically, high school male athletes scored slightly worse than high school female athletes on the BESS, whereas college female athletes scored significantly worse on the BESS than male college athletes (Figure 1 ). Athletes' BESS scores were highest at 1 day after concussion and were significantly lower from 1 day to 2 days (P = .001), from 2 days to 3 days (P = .001), and from 1 day to 3 days (P = .001) after concussion. There were no significant main effects for age (F 1,111 = .176, P = .676, h 2 = .002) or sex (F 1,111 = 2.82, P = .096, h 2 = .025) on the BESS. The means and standard deviations for the BESS are presented in Table 2 .
Postconcussion Symptoms
The results of the RM ANOVA demonstrated a significant within-subjects effect for time on concussion symptoms (Wilks l = .470, F 3,116 = 43.58, P = .000, h 2 = .530), with athletes exhibiting significantly more symptoms 7 days after concussion compared with baseline (P = .011). Athletes returned to baseline concussion symptom scores by 14 days after injury (P = .859). The results also supported a between-sex difference for concussion symptoms (F 1,118 = 4.525, P = .035, h 2 = .037), with female athletes reporting more symptoms than male athletes when all time points were considered (Table 3 ). There were no significant differences for age (F 1,118 = .956, P = .330, h 2 = .008) or the interaction between age and sex (F 1,118 = .042, P = .839, h 2 = .001) on concussion symptoms.
Neurocognitive Performance and Age Differences
We performed a series of 2 (sex) 3 2 (age) 3 4 (time) RM ANOVAs for each ImPACT composite score. The results supported a significant within-subjects main effect for time (Wilks l = .828, F 3,116 = 8.003, P = .001, h 2 = .171) on verbal memory, with athletes being impaired at 2 days after concussion (P = .001) but recovering by 7 days after concussion (P = .962) ( Table 4 ) when compared with baseline scores. In addition, there was a significant within-subjects interaction for time and age (Wilks l = .888, F 3,116 = 4.83, P = .003, h 2 = .112), with high school athletes demonstrating worse verbal memory performance than collegiate athletes at 2 days (P = .001) and 7 days (P = .001) after concussion ( Figure 2 ). There was no significant main effect for age between high school and collegiate athletes on verbal memory (F 1, 118 = 3.49, P = .064, h 2 = .029). Results also revealed a significant within-subjects main effect for time (Wilks l = .717, F 3,116 = 15.228, P = .000, h 2 = .283) on visual memory (Table 5 ). Athletes were significantly impaired on visual memory at 2 days (P = .000) and 7 days (P = .000) after concussion; however, they returned back to baseline scores by 14 days after injury (P = .749). A significant within-subjects interaction for time and age was also found for visual memory (Wilks l = .91, F 3,116 = 3.64, P = .02, h 2 = .09), with high school athletes demonstrating worse visual memory performance than collegiate athletes at 2 days after concussion (P = .01) ( Figure 3 ). There were no significant main effects for age between high school and collegiate athletes on visual memory (F 1,118 = 2.054, P = .154, h 2 = .017).
There was a significant within-subjects main effect for time on reaction time (Wilks l = .790, F 3,115 = 10.19, P = .001, h 2 = .210) and motor processing speed (Wilks l = .759, F 3,116 = 12.25, P = .001, h 2 = .241). Athletes exhibited slower reaction times at 2 days after concussion (P = .001) but returned to baseline by 7 days after concussion (P = .75). Athletes' motor processing speed scores at 2 days (P = .16) and 7 days (P = .75) after concussion were not significantly (P = 1.00) different from baseline. However, at 14 days after concussion, athletes' motor processing speed scores were significantly better than at baseline. There were no significant age differences between high school and collegiate athletes on motor processing speed (F 1,118 = 1.422, P = .235, h 2 = .012) or reaction time (F 1,117 = .157, P = .693, h 2 = .001). There were no significant within-subjects interaction for time and age for reaction time (Wilks l = .99, F 3,115 = .195, P = .90, h 2 = .005) or motor processing speed (Wilks l = .98, F 3,116 = .953, P = .42, h 2 = .024). Means and standard deviations for reaction time and motor processing speed can be found in Tables 6 and 7 , respectively.
Neurocognitive Performance and Sex Differences
We performed a series of 2 (sex) 3 2 (age) 3 4 (time) RM ANOVAs for each ImPACT composite score. Results revealed a between-groups main effect for sex on visual memory (F 1,118 = 3.95, P = .049, h 2 = .032), with female athletes performing worse than male athletes. The results did not support sex differences for verbal memory (F 1,118 = .102, P = .750, h 2 = .001), motor processing speed (F 1,118 = 1.291, P = .258, h 2 = .011), or reaction time (F 1,118 = .098, P = .755, h 2 = .001). When we examined the interaction between sex and age, there were no significant interactions for visual memory (F 1,118 = 1.29, P = .258, h 2 = .011), verbal memory (F 1,118 = .682, P = .411, h 2 = .006), motor processing speed (F 1,118 = 2.41, P = .123, h 2 = .02), or reaction time (F 1,118 = 1.253, P = .265, h 2 = .011).
DISCUSSION
The findings from the current study suggest that concussed high school and collegiate athletes exhibit different outcomes after concussion. Specifically, high school concussed athletes performed worse than college concussed athletes on verbal and visual memory. With regard to sex, female athletes performed worse than male athletes on visual memory and reported more postinjury symptoms after concussion. Finally, results of this study also supported an interaction between sex and age on the BESS, with high school male athletes demonstrating worse overall performance than college male athletes, and college female athletes demonstrating worse overall performance on the BESS than high school female athletes. The different recovery times for concussed high school and collegiate athletes in the present study are in accordance with previous research that has suggested that high school athletes take longer to recover from concussion than do collegiate athletes. 15, 19, 24, 31 Prolonged decrements in memory performance have been reported in high school athletes at 10 days 24 and 14 days after concussion. 31 Moreover, a recent study by Covassin et al 9 reported memory impairment lasting up to 14 days after injury in a sample of concussed high school athletes. Although the present study did not report any age differences for recovery time on motor processing speed or reaction time, previous researchers have documented persistent impairments for reaction time up to 21 days and up to 14 days after concussion for motor processing speed in high school athletes. 9 Differences in the present study and the previous study by Covassin and colleagues 9 may be caused by differences in research design. Covassin and colleagues 9 only utilized high school athletes, while this study compared high school athletes and collegiate athletes. Overall, results of this study and other studies suggest that, on average, neurocognitive impairments may persist from 10 to 21 days after concussion for high school athletes, which is longer than the 5-to 7-day neurocognitive recovery documented in collegiate samples.
To date, there have been few studies that have reported sex differences among high school and collegiate athletes who have incurred a sport-related concussion. The results of the current study indicated that female athletes reported more concussion symptoms than male athletes. This finding supported the findings of Broshek and colleagues 5 and Colvin and colleagues, 7 who also reported that female athletes exhibit more total concussion symptoms than male athletes. Researchers have suggested that male athletes play through pain and try to hide and minimize their symptoms in an effort to avoid removal from sport, whereas female athletes tend to be more concerned about their future health. 20 In addition, male athletes may lack awareness of or choose to ignore their concussion symptoms after injury.
In addition to sex differences on symptoms, female athletes also exhibited worse visual memory scores than male athletes after a concussion. These results support previous literature that has reported that female athletes performed worse on visual memory than male athletes. 10 Interestingly, in the current study, male and female athletes demonstrated similar performance for reaction time, which was in contrast to previous findings. 5, 7 Nonetheless, there appears to be consistency in more recent literature that highlights sex differences in visual memory in sportrelated concussion outcomes.
Future research needs to investigate if reported sex differences are caused by female sex hormones (ie, estrogen), 26, 37 cerebral blood flow rate, 18 basal rate of glucose metabolism, 1 or other factors. Researchers have investigated the role of female gonadal hormones in traumatic brain injury (TBI) in animal models and reported that estrogen may act as a neuroprotective mechanism after TBI because of its hormone's lipid antioxidant properties. 14, 23 Further, progesterone may also have a neuroprotective effect as Djebali and colleagues 14 suggested. Specifically, progesterone may decrease cerebral edema and potentially downregulate the inflammatory response to TBI. However, in contrast to the aforementioned research, Emerson and colleagues 17 administered estrogen to rats before inducing a fluid percussion brain injury and reported that estrogen exacerbated the injury in female rats but served as a protective factor in male rats. It is important to note that these studies focused on TBI rather than concussion. Further research is warranted on humans to determine the role that female sex hormones play on the recovery from brain injury and in particular milder forms of brain injury such as concussion.
Several researchers have suggested that women may have a greater rate of cerebral blood flow 18 and basal rate of glucose metabolism. 1 Broshek and colleagues 5 suggest that as a result of women's increased demands for glucose and cerebral blood flow, a concussion may exacerbate the neurometabolic cascade after injury, resulting in further decreases in cerebral blood flow and increases in glycemic demands. Consequently, concussed female athletes may exhibit prolonged neurocognitive impairments compared with male athletes.
The findings from the study suggested that the BESS was somewhat effective in assessing acute changes in postural stability after a concussion. The BESS scores were lower at 1 day after injury than at 2 and 3 days after injury. Without a baseline score, it is difficult to determine if athletes were impaired on the BESS at 3 days after injury on postural stability. Similarly, without a follow-up BESS score beyond 3 days, it is difficult to determine if athletes were normalized. However, several researchers suggest the use of postural stability measures such as the BESS should occur only in the first few days (ie, up to 3 days) after concussion to provide initial evaluation of concussion. 22, 35, 36 Interestingly, there was a between-subjects interaction for sex and age on the BESS, with high school male athletes demonstrating worse overall performance than male college athletes, and college female athletes demonstrated worse overall performance on the BESS than female high school athletes. These between-subjects differences in the BESS suggest that age and sex should be considered when interpreting the results of the BESS and other postural stability tests following concussion.
Neurocognitive data from the present study further support the use of serial NCT as one valuable tool in a comprehensive assessment and management approach to concussion. In the current sample, there were significant NCT performance declines from baseline to after concussion. Specifically, athletes exhibited significant decreases in NCT performance from baseline to 2 days (verbal and visual memory, reaction time) and 7 days (visual memory) after concussion. However, by 14 days after concussion, NCT scores were no longer significantly different from baseline levels. Not surprisingly, there was an overall trend among postconcussion neurocognitive data, indicating lower performance for high school athletes compared with older college athletes. These data support current management recommendations 33 that call for a conservative approach when making return-to-play decisions among adolescent athletes.
Limitations
In the current study, the researchers assumed that participants were honest when completing the self-report concussion symptom scale. In addition, there is no gold standard for measuring symptoms to compare results, and each concussion may vary, making comparisons across all concussions difficult.
It was also assumed that participants completed with full effort the NCT and postural stability assessments, particularly at baseline. The measures in the current study were assumed to be both valid and reliable based on previously published data. The current study was limited by several factors including age (high school and college) and sport (sport vs nonsport). Consequently, the results of the current study cannot be generalized to youth under age 14 years or adults over age 30 years or nonsport participants.
CONCLUSION
The results of the current study supported age differences in memory, sex differences in memory and symptoms, and interaction between age and sex on postural stability after concussion that warrant consideration from clinicians and researchers when interpreting symptoms, specific components of NCT, and postural stability tests. The results of the current study suggest that age and sex should be considered when interpreting the results of symptom reports, NCT, and postural instability assessments following concussion. Among the strengths of the current study were the large sample size, prospective pretest-posttest design, combination of multiple methods of measurements (ie, symptoms, NCT, postural stability), and inclusion of high school and college athletes as well as male and female athletes. The researchers believe that the methods and findings from the current study set a strong initial foundation from which future research efforts, including intervention studies tailored to age and sex differences, can be conducted. Future studies should also include youth (\13 years) sport participants to determine if sex and age differences extend to these populations.
